This paper presents a comparative study on coaxial parallel hybrid (PH) and coaxial parallel-serial hybrid (PSH) powertrain architectures for plug-in hybrid electric buses (PHEB) in the perspective of economical performance. To do so, parameters of main components, including the engine power, the electric motor power, the capacity of battery are selected based on the same dynamic specifications of a PHEB. Then the PH electric bus (PHB) and the PSH electric bus (PSHB) are modeled in Matlab/Simulink, respectively. The dynamic programming (DP) algorithm and the nonlinear model predictive control (NMPC) based energy management controllers are designed to evaluate the fuel consumption and the energy cost of batteries. The simulation results reveal that the electric motors in PSHB possess about 10% higher equivalent efficiency and the PSHB has the superiority of energy saving effect over PHB.
Introduction
Concerns over the energy crisis and climate change have imposed a strong impetus for work on alternative powertrain technologies [1] . Compared with internal combustion engine vehicles, the hybrid electric vehicles (HEVs) have great advantages in energy saving and emission reduction, as HEVs have extra degree(s) of freedom provided by battery energy storage and one or more electric machine(s) which allow a smaller combustion engine running in a higher efficiency region [2] . The battery storage and the generator also enable the energy regenerative braking, which captures the braking energy wasted as heat in conventional vehicles.
Many types of powertrain configurations of hybrid electric vehicles have been studied [3] [4] [5] , mainly classified by the number of motors and the connection architecture between motors and engine. An increasing number of hybrid electric buses, equipped with the single axial hybrid electric powertrain, are coming on the market. The PH and PSH are two dominating forms of single axial hybrid electric powertrains, which have been commercialized by many companies such as Eaton and LVKON. Ximing Wang and Hongwen He et al. [6] compared different energy management strategies for PSHBs. Liang Li and Sixiong You et al. [7] proposed a driving-behavior-aware stochastic model predictive control strategy for PHBs, and carried out a comparison with MPC based energy management strategy. Few studies have compared the performance between PH and PSH, while they are significative to provide guidance on the selection of hybrid powertrain architectures.
This paper makes some brief comparisons in the perspective of ride comfort and dynamic performance between PHB and PSHB, and mainly analyzes the economical performance through simulation calculation. The remainder of this paper is organized as follows: Section 2 provides an introduction of the PH and PSH architectures, and discusses the matching and selection for the PH and PSH. The simulation experiments and result analyses are presented in Section 3. Finally, conclusions are drawn in Section 4.
PH and PSH powertrains 2.1 PH and PSH Architectures
Figure 1 (a) shows a schematic view of the PHB, which is composed of an internal combustion engine (ICE), an electric motor (EM), an automatically controllable friction clutch, an automatic mechanical transmission (AMT), a battery pack and electronic control systems which include a vehicle control unit (VCU), a battery management system (BMS), a motor control unit for the EM, an ICE control unit, and so on. The ICE and the EM are connected by a clutch. The AMT arranged behind can multiply the output torque and adjust the operating points of the ICE and EM. Different from the PH, an extra electric motor (EM2) is installed in series between the AMT and the final drive as shown in figure 1 (b) . A motor control unit for the EM2 is also needed, while the AMT can be replaced by a clutch in this architecture. The EM2 provides another degree of freedom to accumulate or deliver energy, thus more complex operation modes can be obtained.
Due to the existence of redundant drive units, many operation modes can be realized under different states Copyright © by ICEEE '1' and '0' represent the connected and disconnected states of the clutch, respectively; 'D' and 'N' denote the driving and neutral states of the AMT, respectively of AMT and the clutch. Tab.1 shows both the PH and PSH possess the engine automatic start-stop, pure engine drive, pure motor drive, motor auxiliary drive, regenerative brake, battery charging while driving and battery charging in parking condition, while the PSH can also work in a tandem hybrid mode, in which the ICE is decoupled from the vehicle operating point and can work in high efficiency or low emission zone. What's more, the PSH has more diversified state combinations of the AMT and the clutch to acquire all these operation modes. Even though the PSH has more operation modes, we can't recklessly conclude that the PSH architecture has better economical performance, because the energysaving effect is significantly affected by driving conditions and the efficiency characteristics of the ICE, EMs.
The PH and PSH systems are naturally low damped oscillatory systems. An abrupt acceleration or other disturbance will cause the driveline oscillation which will reduce the ride comfort, while the EM output torque can be controlled to rapidly suppress powertrain transients for HEB powertrains. The PSH has an advantage in vibration suppression control, because more actuators can be chosen to perform this control, but more complex control algorithms are needed.
Both PH and PSH studied in this paper are equipped with an AMT. The torque interruption during AMT gear changes will reduce the dynamic performance and ride comfort of PHEBs. The EM2 of the PSH installed at the output side of the AMT can implement compensation torque during gear changes, while the PH can not avert this torque interruption. The uninterrupted shift capability is another superiority of the PSH.
As these two architectures are mainly used in PHEBs with high-mass and big inertia, the torque hole during gear changes and the vibration of the powertrain have little influence. The most important factor we care about is the economical performance of PHEBs, so this paper intensively compares the PH with PSH in this perspective.
Matching and selection calculations
In order to perform a persuasive comparison, the key components of the PH and PSH are selected based on the same specifications of a PEHB.
The gross power provided by the power sources must satisfy the maximum demand power determined by dynamic performance requirements. The demand power includes static power and transient power used to overcoming the rolling resistance of the tires, the aerodynamic drag, the climbing resistance and the acceleration resistance.
where EM P , EM1 P and EM2 P represent the peak power of EM, EM1 and EM2, respectively; ICE P is the nominal power of the ICE; max P denotes the maximum demand power. Only static power is considered when we calculate the ICE power. It is required that the ICE can individually drive the vehicle at a cruising speed, what' s more, the ICE power needs to be greater than the average power of the driving cycle to maintain the balance of battery power. In addition to providing driving force to the wheels, there are also some energy-consuming accessories, including air conditioning, audio system. Then, we can get:
where a P , c P and c_ave P represent the power consumed by accessories, the demand power in cruising conditions and the average power of the driving cycle, respectively. The same ICE is chosen for the PH and PSH. The operation region of the EM in the downstream of the ICE should match the output characteristic of the ICE, because they always work at the same speed when the clutch is connected. As the EM2 is connected to wheels through a final drive and a differential, the maximum speed is determined by the maximum vehicle speed.
Battery power requirements under the pure motor drive condition can be calculated as:
where batt P is the battery power; ev P denotes the demand power in pure motor drive mode; EM  and in  represent the efficiency of the EM and inverter, respectively. Then, we can obtain the demand energy throughout the pure motor drive condition:
where S is the pure electric mileage; v is the vehicle velocity.
The battery maximum capacity must satisfy:
where batt V is the battery voltage; batt  represents the discharge efficiency of the battery; SoC denotes the battery discharge window.
The parameters obtained based on power match principle are shown in table 2.
Simulation experiments and result analyses 3.1 The PHEB modeling
Due to the fact that the system-level dynamics are the main concern of evaluating fuel economy over a long driving cycle, The quasi-static models are selected.
The dynamic equation of vehicle motion can be obtained using Newton's laws： 
where , d k F represents the tractive effort of drive wheels in the kth step; Similarly, the data of the combined efficiency of the EM and the inverter under different EM speed and output torque are obtained through a bench test, and the interpolation is performed to establish a numerical model of EM.
If we ignore thermal-temperature effects and transients, the battery is simplified as an internal resistance model. The battery state of charge (SoC) is a vital information for HEV energy management. Paper ID: ICEEE2018-26
Problem Formulation
The simulation method is generally adopted to evaluate the fuel consumption of the PHEBs. The driving cycle used in simulations is the bus typical driving cycle of Yulin city, and is extracted from real driving data.
In the discrete-time format, the state space equation of a PHEB can be expressed as follows: to minimize a cost function, which consists of the fuel consumption for a given driving cycle.
where N is the duration of the driving cycle, and L is the instantaneous cost; 
DP and NMPC
DP algorithm is an approach that solves multi-step optimization problems based on Bellman's Principle of Optimality, and is widely used in energy management strategies for PHEBs. If we assume to have the full knowledge of the future driving conditions, it can easily handle the constraints and nonlinearity of the problem while obtaining a globally optimal solution, so the DP solutions over the known driving cycles can be used as benchmarks for the best achievable fuel economy of a PHEB.
We first solve a one stage subproblem involving only the last stage and then gradually step forward until the entire problem is solved. The overall dynamic optimization problem can be decomposed into a sequence of simpler minimization problems as follows:
Step N-1:
For the k-th (0≤k≤N-1) step, the sub-problem is:
where
is the cost-to-go function at state k x from the k-th step to the terminal of the driving cycle, and has the same form with equation (7). An online energy management strategy based on NMPC is also adopted to predict the fuel consumption. Under the MPC framework, the BP neural network mode is used to predict the driving condition shown in figure 2 and DP is used to solve the nonlinear optimization problem within the prediction horizon. The cost function used in NMPC solving process is expressed as follows:
where p is the prediction steps; r SoC is the reference SoC over the entire known city bus driving cycle, and
simulation results
The PHEB has a large battery capacity, so that it possesses pure electric driving ability. Firstly, pure electric constant speed cruising mileage at different speed from 10Km/h to 40 Km/h is analyzed. As shown in figure 3 , the cruising mileage of PSHB is greater than that of PHB in all conditions, especially at the low cruising speed, about 10% longer than PHB. In the constant speed conditions, a single EM is adequate to produce the total demand power, while the bigger EM Figure 3 cruising mileage and motor efficiency equipped in PHB has low efficiency in these conditions, on the contrary, smaller EMs in PSHB obtain better efficiency, and higher efficiency EM is chosen to deliver driving power. So, the equivalent efficiency of EM1 and EM2 is considerably higher than that of EM also shown in figure 3 .
Conditions with different amount of driving cycles are analyzed and the simulation results are presented in table 3. Both the DP and NMPC conclude that the PSHB consumes less fuel than PHB, and the improvement is especially significant when the driving distance is relatively short. About 16% fuel can be saved during four driving cycles. Fuel consumptions and SoC variation curves calculated by DP algorithm are shown in figure  4 . It is obvious that the battery energy is uniformly reduced during the whole driving cycle, and the SoC reaches the lowest bound at the end of the driving condition. The equivalent efficiency reflects the overall operating state of the EMs. For example, the regenerative braking equivalent efficiency indicates the ratio of the total recovered energy to the sum of brake mechanical energy input to the EMs during all the braking conditions. Both the b  and d  of PSHB is about 10% higher than that of PHB, shown in figure 5 , as a consequence, PSHB can recycle more braking energy and provide the electric driving force with higher efficiency.
(a) Regenerative braking equivalent efficiency (b) Driving equivalent efficiency Figure 5 Equivalent efficiency of PSHB and PHB The ICEs of PSHB and PHB are the same. Figure 6 reflects the operating point distributions of ICEs. It can be seen that ICE of PHB are more likely to work in areas with high torque and high rotational speed regions where the fuel consumptions are higher. The ICE working points of PSHB is relatively in accordance with uniform distribution. Although there are more points in low torque region with bad efficiency, the gross power of operating points in low efficiency region is small, the total fuel consumption is slightly deteriorated. PHB has higher gross fuel consumption overall.
(a) PHB
Conclusions
A comparative study on PH and PSH for PHEBs is carried out in this paper. The PSHB has advantages in powertrain vibration suppression and AMT uninterrupted shift control, while these have no significant impact on the ride comfort and the dynamic performance of a PHEB with high-mass and big inertia. The main factor we focus on is the economical performance of PHEBs. The DP algorithm and NPMC based energy management controllers are used to evaluate the fuel consumption of PHEBs. Simulation results reveal that EMs in PSHB possess 10% higher equivalent efficiency and the PSHB consumes less fuel than PHB under the bus typical driving cycle of Yulin city.
